INTRODUCTION
So much progress has been made recently by exploring the nervous system with the help of electronmicroscopy that it is justified to present to the clinical neurologist a short review of some of the advances made. The aim of this survey, limited to the intracellular structures of synapses and the nerve cell, is to convey some neuroanatomical results to clinical neurology and by this to general medicine.
The main progress brought about by electronmicroscopy is the disclosure of highly organised intracellular organelles of the nerve cells and the detailed morpho logical features of synapse, particularly the synapses found in the cerebellar and cerebral cortex. Finally, some of our results dealing with the developing of the nervous system will be described to illustrate that considerable progress in the understanding of nervous organisation can be expected from the electronmicroscopic study of the maturing nervous system.
For technical reasons we review mainly the synapses and intracellular struc tures of large cells. In this way we follow neurophysiological progress, which was bound to take place on large nerve cells, for it is technically easier for microelec trodes to penetrate large cells. It is also morphologically easier to reconstruct features of large cells in the cerebellum, cerebral cortex and spinal cord when viewed under the electronmicroscope.
THE PURKINJE-CELL AS A MODEL FOR SYNAPTIC STUDIES
Much progress has been made on the finer structures of large cells of the cerebellar cortex which were described for the first time by Purkinje at a congress in Prague in 1837. This is one of the earliest descriptions of nerve cells, and the relatively accurate description of this cell deserves mentioning if one considers the primitive neurohistological technique of his time (Liddell, 1960) . Further and decisive progress on the structure of Purkinje-cells were made by Ramon y Cajal (1952) who employed the Golgi-technique in the most skilful way. With this technique the richly branching Purkinje-cell can be divided in three main sections: the dendrites, the cell body and the axon ( fig. I ). This polar arrangement, dend rites branching profusely in one direction of the cell body, while the axon emerges from the opposite pole of the cell, gave Cajal the concept of fundamental differences between these two types of processes. Cajal assumed that the dendrites were the receptive pole of the nerve cell and the axon the conducting portion. This concept was ingenious and fruitful but could only quite recently be proved conclusively by electronmicroscopy. For the dendrites viewed in lightmicroscopy seemed to be immersed into the molecular layer of the cerebellum without making obvious and distinct contacts with other nerve fibres. Already Cajal had proposed that incoming impulses were carried by climbing fibres ( fig. 2 ) which wind around dendrites of Purkinje-cells and between dendrites and other nerve fibres, more or less meeting each other at right angle. Fox and Barnard (1957) by repeating Golgi's technique
on cerebellar tissue estimated that one dendrite of a Purkinje-cell might have more than 60,000 synaptic contacts and that 300,000 nerve fibres could have synapses with one Purkinje-neurone. He further stressed the possibility that one carrier of these synapses might be the fine protrusions which cover the dendritic processes of the Purkinje-cells ( fig. I , right insert). Glees et al. (1958) have studied the various types of synapses of the cerebellum of the frog with silver stain. But only the electronmicroscopical studies by Gray (I961, 1962) and Herndon (1963) brought about more definite knowledge of Purkinje-synapses and could establish that the fine protrusions of the dendrites (also called Golgi-thorns) were in fact synaptic processes ( fig. I , left insert, sp.).
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A Purkinje-neurone, Golgi-impregnation, which shows all the dendritic branches. Redrawn after Cajal. Insert in lower right corner shows a dendritic branch covered with fine Golgi spines. Lower left corner one Golgi-spine protruding from a dendrite = D, showing the spine apparatus = SPA, in synaptic contact with a presynaptic fibre containing small synaptic vesicles and a mitochondrium (diagram).
The Purkinje-cell has not only served as a useful model for the polar arrange ment of nerve cells, but has also been helpful in discriminating general types of contact between terminating fibres and dendrites, the axo-dendritic synapses, and the contact made by terminating fibres with the cell body the axo-somatic type. This differentiation had also been clearly predicted by Cajal, who showed that the cell body of the Purkinje-cell has a different type of neuronal junction from the dendrites, for the cell body was closely enveloped by the clubshaped endings of the
The Purkinje-dendrites are wrapped in by fine fibres, this is a contact between two portions of a neurone, called by Cajal parallel contact ofaxo-dendritic type.
basket fibres ( fig. 3 ). Electronrnicroscopical studies of the axo-dendritic synapses have shown that the Golgi-thorns are spinelike protrusions, containing a special feature, the spine apparatus, and that the membrane in contact with terminating nerve fibres is specially thick and has properties of a post-synaptic membrane. This post-synaptic membrane can also be divided into several segments and is in intricate contact with the pre-synaptic membrane which is a portion of the mem brane enclosing the terminal portion of the efferent nerve fibre. This terminating portion contains within its baglike structure mitochondria and numerous vesicles called synaptic vesicles (Gray & Whittaker, 1960) because they probably contain the transmitter substance and mitochondria. These synaptic vesicles are relatively small and have an average size of 3 mfL ( fig. 4a) . The space between pre-and post synaptic membrane varies between 2 and 3 mfL, and under high resolution electron microscopy appears to be filled with an electro dense substance which has been
Axo-somatic contacts of terminating axons with the cell body of a Purkinje-neurone are established by an axon of a basket cell. Redrawn and modified from CajaL referred to as 'cementing substance'. We believe from our recent observations on synaptic structures that this cementing substance is not an amorphous filling between the neural membranes in synaptic contact with each other, but shows a segmental pillar-like arrangement. In fact, high-power electronmicroscopy does not reveal the synaptic gap as an empty intercellular space but rather as a definite structure of complicated architecture ( fig. 4b ). How, therefore, the diffusion of iones in impulse transmission can be explained, is difficult to say. It would appear from these findings equally unlikely that synapses can alter their position or greatly enlarge their contacting surfaces. This view finds further confirmation by the findings of Gray and Whittaker that pre-and post-synaptic membranes cannot be separated in centrifuged subcellular particles of brain tissue. For the interdigitating types of synapses seen in the cerebral cortex or in the retina appear to prevent synaptic displacement. We may finally mention for comparative purposes that synaptic vesicles have been found in all functional terminations of nerve fibres, e.g. the motor endplate, the minute endplate of autonomic fibres and in the termination of hypothalamic fibres in the posterior lobe of the pituitary gland. Synapses in the Cerebral Cortex. Electronmicroscopical studies of the cerebral cortex proved to be specially important (Horstmann, 1957; Niessing & Vogell, 1960; Gray, 1962; Van der Loos, 1963) , for silver stains fail to reveal synaptic structures in the cerebral cortex. It has been suggested that only if neurofibrillae are present, can synapses be stained with silver. The lack of neuro fibrillae in synaptic terminations within the cortex would explain the failure of silver 'Stains. Electronmicroscopy has indeed solved the mystery of cortical synapses, for an abundance of synaptic structures could be revealed with this technique (fig. 5 ). The dendrites of the cerebral cortex show, like the cerebellar
Axo-dendritic synapses. M=mitochondria, POST=post-synaptic membrane, PRE = pre-synaptic membrane, SV = synaptic vesicles. Note that the synaptic membranes in contact with each other are divided into two portions and that the synaptic vesicles are more concentrated around the lower portion. (48,000 x.)
neurones, a wealth of post-synaptic spines covered with terminating fibres. With these findings a considerable gap in our knowledge of the mode of intra cortical transmission has been closed, and has finally disproved the existence of diffuse cortical grey either in the form of a nerve or the simple form of diffuse contact formations by any given neural membrane in contact with a passing fibre. Electron microscopy has definitely established specific and well-defined cortical synapses ( fig. 6 ).
Development of Synapses. The synaptic development is studied preferen tially in our laboratory and some of the results are in the process of being published. Our work concentrates on the development of the chicken nervous system as this material is readily available and its time sequence can be accurately determined. Initially we found the fixation of the embryos very difficult, but this difficulty has now been overcome. It could be ascertained that synapses or at least some of the
General diagram of cortical synapse formation and of intraplasmatic organisation of neurones. The upper circle shows an axo-dentritic synapse of the spine type, the lower circle the axo-somatic type. Note that also non-spinous axo-dendritic contacts are present, within the neurone the Nissl-body is illustrated and the free ribo somes in form of rosettes (R). The neurofilaments are present in dendrites and axon.
structures typical for synapses can be seen around the 7th day of incubation (fig. 7) . It would appear that synaptic membrane thickening occurs first, and that the other features of synapses such as synaptic vesicles appear later. Around the 15th day of incubation, morphologically well-defined synapses can be found in some places, e.g. the anterior horn, while another portion of the same section may show only
Section of spinal cord of chick after seven days of incubation. Note the elongated neuroblasts with their nuclei eN), I4,000 x, L=lysosomes, M=mitochondria, MV =multivesicular body, G=golgi-apparatus, ER=endocellular reticulum. Left lower insert, magnified from framed portion of the larger picture shows the developing synapses, 45,000 x, POST=post-synaptic membrane, SV = synaptic vesicles. Note the large Golgi-apparatus in contrast to the small amount of the ER and the abundance of free ribosomes.
primitive synapses ( fig. 8a, b) . We are attempting at present to relate the develop ment of synapses to the functional maturation of the nervous system, in particular to the movements controlled by the spinal cord, and also are trying to relate the synaptic development to the maturation of the Nissl-substance. The differentiation of nerve cells, in particular the development of the endoplasmatic reticulum, has been studied (Duncan, 1957; Bellaris, 1959; Sotelo & Trujillo-Cen6z, 1958; Tennyson, 1962; Eschner & Glees, 1963; Wechsler & Meller, 1963) while the cellular organisation of the neural tube, the development of the neuroblast, and that of the mantle zone has been studied by Wechsler and Meller (1963) . These authors have paid special attention to the problems of extracellular space and histological maturation in the germinal layer of the neural tube. We can conclude from the observations quoted above that the embryonic cells of the central nervous system have to start with scanty ER but have numerous and free RNS granules.
Highly specialised cells such as nerve cells take their origin, like all other cells which combine to form organs, from simple types of cells containing a great amount of RNS granules.
Tracing Nervous Interconnections by identifying Degenerating
Synapses. Before concluding the synapse section of this paper some mention must be made of the fact that synapses degenerate in a very characteristic manner when the stem fibre has been cut or after the neurone having given rise to the stem fibre has been metabolically interfered with ( fig. 9 ) (Glees & Eschner, 1962) . The termination of nervous pathways can be established by cutting fibre tracts or destroying the cells of origin of these tracts (Glees & Nauta, 1955) . The changes which occur after such lesions on the terminations of nerve fibres are referred to as synaptic degeneration. This type of degenerative change can be studied most clearly in the lateral geniculate body of the monkey when portions of the retina have been destroyed (Glees, Hallermann & Naeve, 1964) or when the optic nerve has been cut (Glees, 1961) . Within three days after injury, the synaptic terminations of optic fibres increase considerably in size, at least ten or fifteen times the normal size, and can be readily stained with silver nitrate (fig. 10 ). With this method, referred to as the bouton-method, accurate location of terminating fibres within the C.N.S. has been made (Bowsher et al., 1960; Brodal & Grant, 1962) . The phenomenon of bouton or synaptic degeneration has also been studied with the help of electronmocroscopy (Gray & Hamlyn, 1962; Colonnier & Gray, 1962; Guillery, 1964; Glees & Meller, unpublished) . Apart from the gross swelling of synapses, seen in lightmicroscopy, very characteristic signs of degeneration are visible in the synaptic bag such as increase in neurofilaments, swelling of mito chondria and an accumulation of synaptic vesicles, when examined by electron microscopy. The observed changes seem to indicate that protein synthesis is still occurring in the terminal portion of a nerve fibre although it has been severed from its trophic centre, the nerve cell. From these few examples it can be seen that electronmicroscopy, after surmounting the initially difficult problem of fixation, has come to stay as a fruitful method of morphological investigation of the C.N.S.
INTRACELLULAR ORGANISATION OF THE NERVE CELL
We limit our description to the spinal motoneurone and large cortical neurones not only for the reason referred to in the introduction, namely the large size of the Arrows mark the enlarged optic synapses. (Glees silver impregnation.) cell, but also because our present studies are concentrated on the organisation of the developing spinal cord. The motoneurone shows a large Golgi-apparatus (Honjin, 1956; Lacy, 1957; Thomas, 1960) which in the thin sections used for electronmicroscopy is cut in various angles ( fig. II) . Its lumen is larger than that of the ER, and in contrast to it, the walls are not covered by ribosomes. The function of this large intracellular structure in nerve cells is unknown, while in gland cells it takes part in the synthesis of the secretory granules. The fact that the Golgi-apparatus is very often found near the nucleus may indicate its import-
II Cerebral cortex of the rat portion of one large neurone show endoplasmatic reticulum =ER, golgi-apparatus=G, lysosomes=L, and numerous ribosomes in form of rosettes = R.
ance for protein synthesis (Zeigel & Dalton, 1962) . It is most likely that there is a functional relationship of Golgi-apparatus and ER. It is possible that the smaller tubules of the Golgi-apparatus represent really only an agranular form of the ER. Wechsler and Meller (1963) have found that immature nerve cells (neuroblasts) already have a well-developed Golgi-complex when the ER is still incompletely developed ( fig. 7 ). This deserves attention, for the protein synthesis at this stage of intense cellular process formation points to the possibility that protein synthesis should not be exclusively related to the ER. It must be pointed out, too, that injury to the motoneurones of the spinal cord by cutting nerve roots or due to a spinal trauma causes marked alteration of the Golgi-apparatus. This change can be accompanied by alterations in the ER (chromatolysis) which is usually considered to be a demand for protein synthesis in order to regenerate cell processes. This need not, however, be the only explanation. Frequently older nerve cells show electrodense inclusion bodies, which may represent pigment or lipoid material ( fig. 12) .
A further intracellular feature in electronmicroscopical pictures of nerve cells are the distinct neurofilaments which present subunits of the neurofibrillae seen in light microscopy. Neurofilaments are found in dendrites, cell body and axon (Thornburg & de Robertis, 1956; Eichner, 1956; Schmitt, 1957) .
The Finer Structure of the Nissl-body. The familiar picture of Nissl bodies seen in lightmicroscopy is depicted in Figure 13 , and Figures 14 and 15 and illustrate the recent advance made by electronmicroscopy, dealt with in the following pages.
The structure of the Nissl-body will be considered in some detail, for one of us (P. G.) has suggested that there is some indirect evidence that this structure might be utilised for the storage of electro-chemical events and by this form the basis of memory deposition on a molecular basis (Hyden, 1961;  Eschner & Glees,
1963).
The Nissl-substance is biochemically composed of ribonucleic acid (RNA) which is widely distributed in granular form in the cytoplasm of nerve cells. Electronmicroscopy and biochemical analysis have shown that RNA is distributed in two ways within the cell. One mode of distribution is the scattering of RNA granules within the cytoplasm of the cell ( fig. 14) . Many of these granules are grouped together to form a rosette-like arrangement. A considerable number of ribosomes have, however, a more orderly arrangement ( fig. 15) by being attached to the walls of narrow cavities (Palade, 1955; Smith, 1959) . These cavities form flat cisternae which intercommunicate through fine tubuli showing vesicular dilata tions. The membranes of these cavities, referred to as endoplasmatic reticulum, are very thin, 6 to 7 mfL, and the width of these cisternae varies between 30 and 50 mfL (Palay & Palade, 1955) . The ribosomes not bound to the membranes of the ER have also been called micro somes by biochemists who obtain them by centrifuging liver cells. (Palade & Siekevicz, 1956) . In this connection it is worth while mentioning that liver cells and nerve cells have much in common on account of the presence of free and membrane-bound ribosomes, and when suitably stained will give histo chemically similar pictures under light and electronmicroscopy. Not only the cyto plasm of these two functionally very different types of cells shows similarity, but also the nucleus, which in both instances is specially large and electrondense. Liver cells studied electronmicroscopically have structures resembling the Nissl-bodies in having a great wealth of membrane-bound ribosomes which give the liver cells a basophilic staining. Structurally there seems to be one difference between liver cells and nerve cells. The mitochondria in liver cells are probably more numerous, while in nerve cells mitochondria seem to be distributed more densely between individual Nissl-bodies. Of course, there is one marked morphological difference between liver and nerve cells. Only the latter show dense arborations. However, apart from the axon, all the other processes of the nerve cell, all of which are called dendrites, are essentially expansions of the cytoplasm and contain granular endo plasmatic reticulum.
FIG. I2
Portion of large neurone (rat cerebral cortex) N = nucleus. Arrows mark double nuclear membrane, NP indicates a tangential section through the nuclear membrane and shows the nuclear pores of this membrane marked by arrows through which metabolic exchange between nucleus and cytoplasm takes place. G=golgi-apparatus, L=lysosomes.
FIG. 13
Spinal motoneurone (Monkey) illustrating the dense arrangement of Nissl-bodies (NB), N = nucleus, fixation by formalin perfusion. The finer histology of individual Nissl-bodies, when seen under the electronmicroscope is shown in Figure 15 .
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SUMMARY
The recent electronmicroscopical progress on the finer structure of nerve cells and synapses has been reviewed. To illustrate this progress the Purkinje-cells of the cerebellum and the motoneurone of the spinal cord have been selected.
The structure of Nissl-bodies and other organelles of the nerve cell such as a Golgi-complex, mitochondria, lysosomes and ribosomes, has been discussed.
Special emphasis has been paid to synaptic structures in order to relate observations made in light microscopy to electronmicroscopy. For this reason the development of synapses based on studies has been described and the significance of their degenerative alterations in experimental material discussed. G RESUME Les auteurs rapportent les progres apportes par la microscopie electronique ces dernieres annees, surtout en ce qui concerne la structure intime des cellules nerveuses et des synapses. Comme exemple on peut choisir les cellules de Purkinje du cervellet et les mota neurones de la moelle.
Les structures intimes de corps de Nissl et d'autres organes comme Ie complex de Golgi, mitochondries, lysosomes et ribosomes sont finement decrits.
On considere particulierement la structure normale et pathologique des synapses. Les connaissances actuelles au sujet des synapses et eleurs degenerescences apres traveaux experimentaux que presente Ie travail de les auteurs sont resumees.
ZUSAMMENFASSUNG
Die Verfasser berichten iiber die Fortschritte, die die Elektronenmikroskopie in den letzten Jahren, vor allem auf dem Bereich der inneren Struktur der Nervenzellen und der Synapsen gemacht hat. Ais Beispiele werden die Purkinje-Zellen des Kleinhirns und die Motoneurone des Riickenmarks ausgewiihlt.
Die Feinstruktur der Nissl-Korper und anderer Zellorgane, wie Golgi-Komplex, Mitochondrien, Lysosomen und Ribosomen, sind eingehend besprochen.
Besonders beriicksichtigt wird die Struktur der normalen und pathologisch veranderten Synapse. Die jetzigen Kenntnisse iiber die Entwicklung der Synapsen und ihre Degenera tionen nach experimentellen Eingriifen, die das Arbeitsprogramm der Verfasser darstellen, werden kurz zusammengefasst.
